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Ahstrad
Ck)rrcctncss  is IJaralnount  for safety-critical soft-

ware colltro] syslcIIls. Critical software failures ill
II]cxlical radiatio~l trcatlncnit,  ccjlIllIlllllicat,iolls and
dcfcllsc arc falni]iar  to tllc l)uhlic. “J’lIc sigl]ikcallt
qual]tity  c)f scrft,warc  )I]alfunct,iolls  regularly rcl)ortcd
to tlic soflwarc  cngillccrillg  colnlnul)ity,  tlIc l a w s
collccrllillg  lial)ility,  a~ld a  rcccl)t NILC Acrol)autics
altd Sl)acc l’;llgillecrillg l~oard rcJ)ort  a d d i t i o n a l l y
lt)ot,ivatetllc  useofcrror-reducing allddcfcct clctcc.tio~l
software dcvclor)]ncllt tcc}lniqucs.

‘J’IIc l)cIIcfik o f  forlnal  lnctllods  i]] rcquirclnclits-
clrivcll software clcvclo~]mcllt  ((’forward cnginccri]lg”)
iswc]l  doc.uIIIcIItcd.  oncadva~ltagc ofrigorously  c~lg;i-
l)ecrl)lg  software 1s Lllat formal IIotat,lolls arc lJrccis~,
vcrifial)]c,  and fac.ilitatc  auto~natcd  l)roccssirlg.  ‘J’IIIs
l~fil)cr dcscri}~cs tl)c al)l]lication  of forlna] mctllods  to
rcvcrsc cllgillccrillg;, wllcrc for]])al si)cc.ificatiolls a r c
dcvclo]Icd  for a l)ortion of tllc sliuttlc oworbit digital
autol)ilot  (I) AI’). ‘J’hrcc  ol)jccl,  ivcs of t,llc ~~rojcct were
t o :  dclllollstratc  i,lIc u s c  o f  forlllal  lnct}lods 011 a
slIu Ltlc al)r~licatioll,  fac.ilitatc  tllc illcorl,oratioll  and
validation of IIcw rcquircmcllts  for tllc systcIn,  and
verify LIIc safety-critical IJrolmtics  to t)c cxllil)itcd l)y
t]Ic soflwarc.

1  IIlt)l’o(ludion
Corlcct!lcss  is ~)aralnount for safety-critical soft-

wa re  colltrc]l  systc~ns. Critical software failures ill
ll~c.dical radiatioli  trcatlnclli []], coll~ltl~lllicatiolls [2],
aIld dcfcllsc  [ 3 ]  a r c  falniliar  to  tllc ~)ut)lic. ‘J’llc
sigllificalit  quantity of software lnalfunctiolis  rcgularl

frcl)ortccl  to t,llc soflwarc  cllgil]ccring colnlrlurlity  [4  ,
tllc la}vs collc.cr]lillg  liability [5], and a recm,t NllC
Acrollautic.s and SI,ac.c l;n.gil,ccriag  IIoard rcl)c)rt  [6]
additionally l]lotivatc  tllc usc of error-rcclucitlg arid
defect dctcctiol)  sofLwarc  dcvclol)~llcnt  tccll~liqucs.

“’1’llis WCIIk  wa< SUI)I,OIICCI i]) ]xI]t I,y tlIc NASA/A  Sl;I;
1,’acuity fcl]owsl,  i], ])log[aln, Wlicrc  tl!c aut}Iors’  fcllc,wsl,  i],s
WCIC SIIr IIt at LIIC Jet 1’mI)ulsic)ll  l,almI  atory  at tllc Califo]ll ia
]], stitulc of ‘J’ccl IrIology.

I’]’] lisal, t}l[,] is alsc,stlj)l)orlc{]i],  ])art  by NS1’ g,a],t  C(:l{-
9209780.

‘1’hc bcllcfits o f  for]na]  ~netltods in rcquirclllcllts-
drivcli software dcvclol)~nc~lt  (’(forward c~lginccrillg”)
is~~,cllcloc.~)li~c]ltcd  [7,8, 9, 10, 11, 12]. Oltcadvalttagc
to usi~lg r i g o r o u s  al)J)roacllcs  soft,warc  cl]ginccrillg
i s  tl)at for]nal Ilot,atiolts a r c  l)rccisc, vcrifial)lc, and
facilitate autolltatcd l)roc.essil,g [13].

\Vc claim that Il)aiIltcIla)lcc of critical cxistillg
(’(legacy”) code also IJCIIA(S  fro,,, for~nal  II,ctl,ods.
l’or cxaln~]lc, forlllal sl)ccific.atio~ls  calt I)c rcvcrsc
c]lgitlccrcd  fro]l)  cxistillg  code. ‘Jltc rcsultillp; for]na]
slwcificat,ic)lls  arc tllcl] tlIc })asis for c.llangc rcqucst,s
aIId tlic fourldatio]i  f o r  suhscquc~lt vcriflcatio~t  a~ld
~ralidatioll. Collsidcritlg  rc-illll)lcll~cll tatio~l’slligll  cost
and) cvclI woi-sc, tllc fai lure of  cr i t ical  softlvarc,
rcvcrsc cllgi~tccri~lg of c,odc i!lto formal sr)ccificatiorls
I)rovidcs  MI zdtcr]l~tivc or a sur~l)lclllcIlt to traditional. .
a]v]ro?cllcs for IIlallltallllllg  safety-c.ritical systc~m.

‘1’lIls l,tiImr  dcscrilws a ~)rc,jcct Lllat a])p]ics  forvnal
II IC(lIOCIS  to a ljortiol] of tltc s]luttlc  o~l-orbit  digi tal
autol]ilot,  (l) A1’). ‘1’llrcc  ohjcctivcs  of tlIe l)rojcct  were
to: dclnollstratc  t h e  usc o f  forlnal  lnctlloc]s CIII  a
slluttlc  a])l)licatioli,  f ac i l i t a t e  tllc illcor~)oration and
valid atiorl c)f IICW rcquirclnc]}ts for tllc systcln,  a n d
verify tlIc safety-c.ritic,al ~)ror)crtics to 1.IC cxltiljitcd  l)y
tile software.

III acl(litioll toclcvclo~jiItg forIllal sl)ccificatioIlsofa
critical lnodulc,  agral)llical dcl~ictiorl oftltcsut)systcltl
\vas constructed using t]Ic ~~jcct  ~fotfciing  ~k.chnigue
(0h4rJ’)  [14]  to I,rovid  caI,c~l)jcct-oricl,tcd  vicwofthc
systcll] as it relates to tllc fu]lc,tiol]a]  a~ld dylla~nic
VICWS. l,cssol]s  lcarllcd froltltllis ~jrojcct  arcclcscril,ccl,
including discussio]ls of tllc Lcllcfits of co~wtructi~lg
altd tllc al)ility t o  gc~lcratc  l)roofs  with tJIc for~na]
s]wcificat, ions.

‘J’ltc re]nai]tdcr  c)f tllc ])a])cr  i s  orga]lizcd as
follows. ScctioIl Y givesa brief illtrocluctioIl  to forlnal
Illct}lods aIId c)l~jcct-oricl  ltccl dcvclc)l)~nc)lt  tccllniqucs.
Scctioll 3 gives all overview of tllc clltirc  l)rc~jcct,
including  a discussion} of tllc objcc.t-oric]lt,cd  a~lalysis
and tlic dcvc]or)~llcllt  o f  Lltc oh!’J”  dia:;raltls.  A
s(]]rl]ilary  o f  lcsso]ts lcar]lcd fro]])  t}lis ])rojcc,t  a r c
discussed ill Scctioll 4. IpiIially,  cmtc.ludillg  rclnarks
and future illvcst, i~at, io]ls arc gIVCII  irl Scctioll  5.
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2 1 background Material
‘1’llis scctioll  Lricfly clcfil)cs and lnotivatcs the usc of

forlllal  lnctl]ods.  Also, the Lc]iefits of object-oriclltcd
analysis and dcsigll arc IJrcscntcd.

2 . 1  Formal  Methods
Forlnal  ~ilctllods ill software dcvc]oplnc]lt  ]Jrovidc

lnal)y hcncfil,s i n  t h e  f o r w a r d  cngince.rilt
!

as})cc.t
of  sof tware  dcvclol)nlcllt  [7, 8, 9, 10, 11 . For
a n y  sl)ccificatiou, tllcrc  c a n  bc a n y  llulnLcr o f
illll)lclilclltatiolls  that satisfy tllc specification [15].

l)UC to tllc criticality and the volulncof lnucll of t}lc
software Lcing dcvclol)cd  Ly many agcllcics i]lvolvcct ill
ftigllt systems, tl!crc arc several projects incorl)orating
forl[lal lnctllods  lllto LIIC software dcvclopmcnt  process
[16]. 1,, rrdditio,,, tllcrc  IIavc Lccn rcccnt  investigations
IIlto rcvcrsc  cllginccril]g  tl)at f o c u s  011 t he  u sc  o f
rigorous lIlattlclnatical mctllods  for extracting forlnal

)
s])ccifications  froln cxistillg  code [17, 18, 19, 20.

A fomtal mcfhod consists of a jo7s1nrrl speci Icaiion
l a n g u a g e  al}d jotwtally de f ined  infcrcncc  lulcs [7] .
‘1’lIc slwcifrcation  Ianguagc  i s  u sed  to dcscrit)c t h e
int.c~ldcd systcln I,cllavior  and i,llc illfcrc]]cc rulm
p r o v i d e  a  sound lnctl]od  for rcasonilig  about t h e
slwc.ifications. Using; forlnal  sl)ccificatio~ls  for software
design serves several general purl) oscs. l’irst,  it
forces tllc dcsigrlcr to Lc thorough  in tllc dcvc]opmc]lt
and tlic clocul]lcntatiol]  o f  a  syst,elll dcsigll. Sccolld,
tllc dcvclol)cr is aLlc to Ol)tiii I) l)rccisc a n s w e r s  t o
qucsticnls ]mscd allout the I,rol)crtics  of tllc systct[l,
and thcrcforc  Lc al)lc to rigorously test (Ly dcvclol)illg
tlleorml}s)  tllc d e s i g n for tllc satisfaction of its
rcquirclncmt<s.  Unfortu]latcly,  sine.c tllc rcquirc~nc~its
arc tradit,iolially  cxl)rcsscd infor]nallyj  there rclnai~ls
a (all)cit  dccrca~cd) potential for errors to rcl[]ain
undctcckl. ‘J’lllrd,  LIIC dcvclo])cr  i s  aLle t o  reason
a}~c]ut tllc corrcctllcss  of a systcln  o r  a  s a f e t y  -
critic.al coml)ol]cnt  of  tllc systc]n witL rcsl)cct  to its
s~,ccificstiol].  “J’l)c lattc.r c a t e g o r y  o f  rca.sonillg  call
I,c diviflcd ilito t w o  al)l,roacllcs:  pwgram vcrijlratioll
and pli>glalll syttilicsis. l)rogralll  verification is tllc
l,roccss of cllcc.killg tllc sclnalltics  of a j)rograltl  text
against  its slJccificatioll. A prograln  WIIOSC sc~nantics
satisfies its sljccific.atioll  is said to bc correct. l’rogralll
sy~ltllcsis refers to formal tccllniqucs  for systclnatically
dcvclol)ing a ~)rograrn  froln a sj]ccification  such that
tl]c c.cmrectllcss of tllc resulting progra]n  (wit,}l rmpcct
t o  i t s  sl)cc.ificatioll)  is illLcrc~lt ill tllc dcvclol)lllcllt
l,roccss itself [21, 22, 23, 24].

l’orlllal IJlctllods a r c  ty~)ically Inorc diftlcult  t o
al)l)ly tllall  il)for]nal ap~]roaclics  and require a great
deal lnorc  disciljlillc. l’urtllcrlnorcj  the state of tllc
current ,  tccllnolc)gy is SUC.11  that vcrific.atioll  and t,llc
usc of forlnal  lrlcttlocls is largely CIO]lC Inanually,  thus
rcquiril]g  a trclnc~ldous effort to i~crfor~n  t ed ious ,
Lut IIcccssary  t a s k s .  1]1 gc]lcral, tllc introductio]l
o f  forlllality  in sof~warc dcvcloplncnt  is a diflic.ult
I,ut valual)]c sky) ill tllc construction) of rclial)lc  slid
lnailltaillal)lc  c,olnl)utcr  systc]ns. ‘J’lle difficulty is
Iargcly duc to tllc quant i ty  of  clctail r e q u i r e d  Ly
forlllalizatiol)  as wc]l as the tedious process by w]licll
tl]c for]llalis]l)s i]]ust Lc InaniI]ulatcd.  IIowcvcr, Lllc
dctcc.tion and correction of design flaws, al)ility  to

usc auto~natcd  tools for xnatlipulation,  cli~ninatiol) of
all]ljiguity,  prccisc doculncntatior[  for Inaintcuancc,
and iln~)rovcd  reusability arc a fcw cxal[lplcs of tllc
ovcrwlicltnillg  value!  and often ncccssary Lctlcfits, that
for~llal  lncthods  Lrlllgs to tllc software dcvclollmcnt
l~roccss.

2.2 ObjecLOrientecl  Techniques
‘J’here arc a wide variety of approaches to

rcquircmcnts  analysis (see [25, 26] for cxamphx),  IIlally
of tllcln  in the broad category known m object-oricnkd
rcguiremcnis analysis (OOA) [27, 28, 29,  30] .  Al)
object is a data abstraction, and it is the goal of
OOA to construct  all al)stract,  object-based l]lodcl
of ttlc prol)lc~n  domain. “1’l]c 00A focus on oLjects
is ill co~ltr~d to tllc lnorc t r ad i t i ona l  al)proacll  to
analysis  that focuses o]( ])roccdurcs [31]. ‘1’llat  is,
ilistcad  of lnodcling  tllc pro})lctll  doxllaill as asystcrll  of
ol)eratiolls  that process data objects, 00A modclillg
c.clltcrs OIJ a dcsc.riptioll  of  data  ok)jocts  a n d  tllcir
illtcrac.tiolls.

hfost  00A tccL1liqucs Lcgil} I)y a careful .assrm]nc]lt
of tllc ]Iatural  lallg;uagc proLlclll dcsc.riptio~l.  A sirlj~)lc
first stc}) in developing all 00A ~nodc]  is to extract t}lc
notins froln tllc prol)lcln dcscril)tion.  hfally o f  tl]csc
Iiouns  will sllarc corIITnon proljcrtics  and Illay Lc more
ca.sily described as irlsta~lccs of types. For cxalnplc,
G a l i l e o ,  V o y a g e r ,  and Jfagcllalt a r c  a l l  spacec ra f t ,
a]ld Venus, Mars, and Mcrcrfry  arc all planets. 1 n
tl, is colltcxt,  spacecraft a~ld planet can I,c co)midcrcd
as ty})cs,  where tllc ty~)c of an oLjcct  is called its
class. Some classes, rcfcrrcd to as subclasses ,  ~nay
bc sl~ccializations  of otllcr  c.lassm.  F o r  cxallll,lc,  all
interplanetary spacecraft is a s{)ccializaticm of tllc tyl)e
spacecraft. As SUCII,  00A organizes t,yl)cs into a
CIZSS llicrarclly  l)ascd o]l a isa  (as  ill “a]) X is a  Y “ )
rclatiollsl]ip.

It ~]lay Lc IIatural  t o  t h i n k  o f  all ol)jcct a s
Lcillp; c.olnjjoscd o f  otllcr  oLjccts.  F o r  cxaml)lc, all
interplanetary spacecraft ]Ilay colmist of IIumcrous  jets,
guidance a~ld IIavigatioll control  systclI?, a]ld a proLc
t o  s t u d y  a  ~)lallct’s  atmos))llcrc.  ‘1’11]s  dcpclldc~lcc
ir)troduccs  a)l additional dimension  of relations into
tllc class IIicrarchy,  that is, a part  of relation. ‘1’hc
parls oj an otljcct  arc oftc~i called its atfribzdcs.

‘J’IIc  IIouns o f  tllc ~)roLlcnl descril)t,ion c a n  Le
used to  idcl}tify cand ida t e  otjjccts  (alId tllcrcforc,
classes), and accordingly, tLc vcrtm in tllc woblcl~l
dcscril)tion  call l)rovidc  i]lfor~natioll  on interactions
l~ctwcc]l ol~jccts. So]nc vcrLs lnay dcscriLc a  scrvicc
for a I)arlicular  class of ol)jccts,  such as fire in tllc
l~}lrasc “fire tllc jets”. Otllcr  verbs ]nay dcscribc a
lmssit)lc state of an oLjcct,  SUCII  as coast ill tllc ~)llrasc
‘(tllc s~)accc.raf~ Lcgilis to coast “ ‘J’llcrcforc,  vcrLs IIcll)
to dcfilic LIIC scrviccs of a class of ol)jccts,  u s u a l l y
rcfcrrcd to as tlic opcraiions  or t)tcthods  of a class,
ar id the co~nl)utatio]lal I)roccsscs  of tllc systcn] iis a
whole (tllc  dyllalnic  lmllavior).

i n  tlIc e a r l y  s t a g e s  o f  sc)f~warc  dcvclcq)lllcllt,
irlc.ludig oLjcct-oriclltcd  al)~)roacllcs, diagra~lls  a r c
frcqucllt]y  used to dcscrit)c rcquirclncllts  a]id g u i d e
dr!vcloplncnt. l’or cxa~nplc,  d a t a  f l o w  diagrallls
(1)1’1))  [ 2 5 ]  llavc Lccll widely used to visualize



fuuctiollal  bcllavior  of processes. khlt,ity-rclatiolwlli]j
i)1’>IL cliagralns  [32]  have l~cc])  used to l)ictorially

cscrihc a wiclc variety of conccl)ts,  foreluost  alnollg
tllclu  is tllc rc]ational  data base orgauizatioll.

III gcllcral, a single Cliagralnlning notation is
Ilot suflic.icnt to capture tlLc complex  il]forlnatioll
Ilccdccl to build software systems [33]. ‘J’}lc
Ohjcct Modcliug 7kchaiguc  (ohf’1’) [27] uscs 1)11’l)s,
IIyl)ricl I’LIL diagra]ns, a n d  statccl]arts to luodc]
scrftwarc rcquirclncuts  using,  object-oricutcd conccljts.
Co]lcc.tivcly,  tllcsc diagralns  acldrcss  ~)ropcrtics  t h a t
s h o u l d  I)c IIlodclcd,  iucludillg  flow of c.olltrol, flow’
o f  d a t a ,  pattcrlw o f  dcpc]ldcncy,  ti~uc scqucllccj
and nalnc-sl~acc rclatio]lsllilm.  ‘J’hc Ohfl’1’  al)proacll
i s  al~l)calillg ill its Inultil)lc  v i e w s of software
rcquircl)]cllts  and i s  f a i r l y  co~ul)rcl)cllsivc  iu i t s

I
albeit, informal) trcatlncl]t of dcvclo}~lllc~lt issues.
(h]rtllcrlnorc, Oh!rJ’ is coIIImoIIly  used ill industry  a~ld

ill acadcl[lic.  scttil]gs.

3 l’rojcd  O v e r v i e w
A lmrtioll  of tllc slluttlc software was CIIOSCII  for

a  forlnal  lnct]lods  dclnollstratio)l  })rojcct i]lvolvillg
NASA’S Jet l’ro}julsioll laboratory, JolIIIsoa Space
Ccl}ter, a u d  IJallgley ILcscarcll Ccnf,cr  [ 3 4 ] .  ‘J’his
ll)ulti- NASA site l)rojcct  was su~]l)orlcd as a J/csearch
aud lkchnoiogy OJjcctivcs  and l’lans (IUI’01’).  A
re l a t ed  l)rojcct  of a sll[allcr  scale was l)crforvncd
by tllc a u t h o r s  i}l c.olljullctioll  w i t h  t,lic l a r g e r
dclllollstratioll  proJcct. ‘J’lIc  Phase. Plane lnodulc,
LIIC  col]trol systclu for auto[natic attitude co~}trcd
o f  tllc sllutt]c,  was tllc subsystcln  sclcc.tcd  f o r  tllc
sll)aller  IJrojcct. ‘1’IIc c.ritcria tliat lcd to the sclcc.tiou
o f  P h a s e .  P l a n e  iucluclcd filldiug a IIlodu]c  wit])
diflic.ult to understand rcquirc]nc]its  and l)otc~ltial for
critical c.llallgc rcqucst,s. AltlIougll  tllc Phase. Plane
]Jiodulc  }Ias workccl  corrcc.tly  in  tllcmsallds o f  ]lours
c,fusc (hot]] ill tcmns ofsil,]ulatioll al)d f l i gh t ) ,  i t s
s])ec[fic  l)ro])crtics  rcl[]aills  obscure (at least, LO L]IC

rcqulrc]llc])ts  a]ialyst  alId software clevclol)crs p ] .35
‘J’llrcc tasks  wwrc ~)crformcd iu tllc dcwcoljmclit

o f  tllc forlna] sl)ccificatiolls  o f  tl]c IIiOd UlC>S lli.gli-
lcvcl rcquirclucllts. l“irst,  all ulldcrstalldillg  o f  tllc
origitlal  rcquircrncnts  w a s  Ilccdcd. ‘J’his irlvolvccl
consulting  tl)c l“uaciional Subsysicm Sof[warc l{c-
guirctncnts (11’SSIL)  doc.u]ncl]t  [ 3 6 ]  ( a l s o  kllowll m
I,CVC1 (; rcquirclnc~lts,  consisti]ig  largely of  Wiring
diagralns”), Guidance  and G’ontrol  Systems 7kaining
Manual [37], source code, irlforlnaldcsigll  ~lotcs, a~ld
disc. ussio]ls  with sllutt]c software ~)crsouucl. Au “as-
l]uilt’)  forlllal  sl)ccificatioll  cal~turiug thcfunctiona]ity
cicl)ictcd l)y t he  11’SSIL “wiriug diagra]lls”  w a s  tllcvl
dcvclo])cd.

SCC.OIICI,  wllcn attcm~)tingt odcrivca  lliorcal)stract
rcclllirc)]lcllts-lc~’cl forll]al sl)ccificatioll,  it was difliclllt
to c]iini]latc  tllc il])l>lclllcl~tatio)l b i a s  prcscllt  ill tl)c
as- buili  layer. A  ICVCI  of OhirJ’  diagralns  w e r e
dcvclol, cd to clcl)ict the iuforlnatiou  fro~u the first
lCVC1  c)f sl)ccificatiolls. ‘J’lICSC  diagralus  facilitated tllc
at)stractio~l })roccss  aud lead to tllc rlcxt higher ICVC1
of sl)ccific.atiolls.  ‘J’)lis  iterative process consisting of
dcvclo}jiug  a level of formal specifications, followccl
by collslructillg  tllc corrcs~)oudiug  0h4rJ’ diagralus

lead to tllc idclltificatio~l  of tllc hi~h ICVC1, cri t ical
rcquircluc]lts  of the Phase _Plane  ll~odulc. l’;xamp]c
sl}ccificatio~ls  aud OMrl’diagrau]  sarcdcscribcd 1)c1ow.

‘J’IIc third task iuvolvcd  outliuiug  proofs bctwccu
tllc lCVCIS  of  spcc.ificatious dcvclopcd. ‘J’hat is, c:ich
sl)ccification lnust  bc slIowlI  t o  corrcclly  implcmcut
tllcmorcahstract  spccificatiou  at)ovc it. ‘J’}lcsc  J~roofs
l)rovidc  traceability frolu the i~l~l)]clI~ctltatiolt details
asdcscril)cd  byt]lc “wirillgd iagrams’’to  thcllighlevcl
rcquircmcats.
3.1 ] ’ b a s e  l’]anc

‘J’lIc  ltcacfion Coatvol System (RCS) I)igital
Autopilot systc~n (I)AI’) works to lIold  attitude or
to acllicvc au attitude ma~lcavcr  through au error
correction Inctllodj  i]lvolviugthc  control  ofjct firillgs.
}’igurc  1 gives a high-level view of tllc I)Al’, wllcrc
t})c State Esfitnaiorgivcs the currcllt  attitude, wl)ilc
taking  illtocollsidcratio~ls l)acccraft dyna~nic.ssuc]i  as
I,rol)cllallt  usage aud inertia. ‘J~his infor~natioa  is thclt
sul)})licd  to a co~IIJJoncut that ca]cu]atcs  the attitude
and ratccrrors witllrcs})cc.t  todcsircd valucs(sl)ccificd
by tllc crew).
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l’igure 1: IIigh-level vim of I)A}’, including the
Phase. Plane ]nodule  [38]

‘J’his I]rojcct focused 011 tllc Phase-Plane )Ilodulc,
wllcrc a- l)l~asc ~)lallc lnay bc visualized as a gral)ll
I>lo(tillg  s})accc.raft  rate errors agai~lst attit,udc  errors
for OIIC rotational axis, with a “box” drawn arouud
tlIc ccutcr. ‘J’llcrc is  a  sc~)aratc  phzwc  plallc  f o r
cacl I of tllc vcllic]c rotation  a x i s  (roll? l)itcll, and
yaw ) ‘J’iIc ‘% OX”

\
wit]) J)arabolic sldcs), wllosc

lill)its  arc defined Ijy t IC crew with attitude and rate
dcadba~lds, i s  u sed  t o  dcterlllillc  WIICII, if, aud ill
what  dircct,ioll r a t e s  IIlust bc gcrlcratcd to IIUI1 t h e
errors  [ 3 8 ] .  I f  tllc slluttlc  is wit}iill  t he  sI]cc.ificd
dcadballd  liluits,  the rate and attitude errors arc
rc~)rcsclltcd by a l)oiut plot ted irlsidc tllc box. If
tllc l)oiut travels outside t}lc box, tllcrl jets fire to
ret,llru the l)oillt i]lsidc t h e  b o x ,  tllcrcl)y rcduciug
tllc errors aud ac.llicvil]g  tllc I]lallcuvcr  request  or
IIlailltairlillg  tlic attitude lIold M rcqucstccl  l)y t h e
crew. III all attitude IIold situation, (Ilc error ~,lot
actually cyc.lcs aroul)d tllc zero error l)oillt wit]l jets
t,llrjlillg OfI’  a)ld 011 again cacll till]c t}lc li~llits of tllc
‘(lmx’)  arc cxcccdcd. ‘1’llis  is kIIOWII  as “li]nit  cycli IIg”
(jr “dcadl)alldi~ig”. ‘1’hc I)lIasc  l)laIIc gcllcratcs  })ositivc
or Iicgativc rate colnlnauds  011 au axis by axis t)asis,
wllcrc  tllc jet select c.o~nl)o)lcut dctcrlnilics  w h i c h
jet(s) tc) fire (tllc  tol)ic of tl,c IL”J’01’  project [34]).
l“igurc 2 gives a gra~)hical rc~,rcscutatiolt  of tllc ~)}Iase

r,
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l,lriIIc.  “J’IIc dashed lillcs outline tl]c “box” that dcfiuc
tJIc clcadl~anding  IJatll. ‘J’IIc slladcd rcgiolls dc})ict
tllc coasf regions wllcrc the orl)itcr  dots Ilot need ally
corrective ac.tioll. ‘J’l[c  rclnaiuillg  rcgiolls arc kuow]]
as hystcfesis  rcgiom, wllcrc cxtcrllal  factors SUCJI as
l)rol)cllallt  usage, inertia? tilllc  l ags  bctwccl)  firing
Co]nlnal]dsj  and scl)sor  ]Iom  require tllc calculation of
corrcc.tivc  action to cllsurc that tllc Orhitcr  rclnaills
witllill tllc dcadballd  lilnits. ‘J’hc rcquircmcllts  for
tllc Phas. e. Plane module  arc dcscribcd  ili tcrlns  of a
‘(wiring” diagra]n  (SCC Figure  3 [36]), indicating tllc
illl)ut  a]ld out])ut values, allcl several tal)lcs dcscrit)illg
the calculation for tl]c boundaries of tllc l~llasc J)lanc
allcJ its difl’crcnt  rcgio]ls.
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l’igure 2: Gral)llic.al  dclJictiou oft])c  J)llasc plallc, with
coast alld hys~ercsis  regions [36]
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Figure 1{:  Wiring  diagralll  for tllc Phase. Plane lnodu]c
[36]

3 . 2  11’orIm+l S p e c i f i c a t i o n s
OIIC asl)cct of forlna] ~llcthods  for critical software

dcvclo~)]llcllt is tJle usc of a l,articular r i g o r o u s
IIotatioll  to J)rcciscly dcfillc tllc function  of tllc systc]n
and rcquircrnc]lts  that L1]C systc]ll software  musi Illcct.
‘J’lICSC  forlllal  s})cciflcatiolls  a r c  syntax-  and tyl)e-
cllcc.kcd using c.ollll)ilcr-like l~arsms. ‘1’tlis  })ro]cct
used tllc }’VS (1’rotolyl)c \~crific.atioll Systc]IIs)  forlnal

Ls~wc.ific.atio~l tools 39, 40] uudcr  dcvclol)lncllt  by SIL1
lutcrllatio]lal. I’VL 1s written) iu Cololnoll  ]Jisl) bu t
ruils 011 intcrl]retcrs  of other IJisp dialects. A I’VS
user, however, interacts with a custolnized  Ih[lac.s  [41]
illtcrfacc  and ]iccds ]io kllowlcdgc of l,is~).

Our goal was to s~)ccify Phase. Plane’s fullctimtality
and cxecutioll constrai~lts  at  several  levels of
al)strac.tioll. Spccificatioll  of a systc~n t h r o u g h
iucrcasingJy  ]norc detailed levels of abstraction is a
well-cstal)lisllcd strategy used by specifiers [7, 42, 43].
AltlIouglI these levels Inay a~)pear almost disjoint, fl[c
proof of correct rcfiuc]ncnt  of a lCVC1 of sI)ccific.atloli
~y the ICVCI bc]ow a s s u r e s  t}lc sj)ccificr  the lnodcl
M c.orrcct in a d d i t i o n  t o  I)roviding rcquirc~ncnts
traccal)i]ity.

A  gc~lcraJ r u l e  i s  that almtract, ul)l)cr-level
sl)ccifica~ions  should c~tahlis]l syste~n i~ll~uts, outl)uts,
allcJ b a s i c  functio]lallty  o f  tl]c systm!l. Critical
correctness rcquircnlel[ts  that the systc]n Illust satisfy
a r c  stated a t  t h i s  ICVC1  and bcco~ne tl[c c r i t e r i a
by wl]icll the sl)cc.ification  is judged to bc correct .
‘J’hcrcforc,  uJ)pcr-level specific.atio~[s tc~ld to t~c black-
box Inodcls of tl]c systcln.

Mid-level spccificatious  introduce both  data tyl)c
allcJ fullc.tiona]  detail that lnay c.oustrai]] tllc evcnttual
illil~lc~t~clltatioll  o f  tllc systcln.  ‘J’IICSC levels a r c  tllc
c o r e  o f  t}ic slmcificatio~l  sillc.c dcsig]l clcc,isio]ls ,aItcJ
and exccutioll  cllviro~ltncllt  issues call be illtrocJuccd.
Cllallgc  requests for ~l~odulcs will ]Ilost likely bc
addressed ill tllcsc levels.

A 10W-1CVC1 (“as-built”) sljccificatioli  is a straight-
forward rc~)rcsclltatio~l ofa l)articular  ill~l)lc[l~clltatlo~~.
It is froln this  de t a i l ed  sl)ccificatioll  t}lat s o u r c e
c.odc call l)c automatically gcncratcd,  or vcrificatiol]
c.ollditiolls for ])rogralI1lncr-I)roduccd  COCIC derived.

‘J’lIC IIaturc  of Phasellane dcunandecl a bottoln-ul)
a}~l)roacJl,  i~lstcad of tll: ~0])-cJovII.  strategy dcscril~~d
al)ovc. lllglI-level lIhlgllslI  clcsc.rlptlons  of this J)ort,iorl
of tllc shuttle I) Al’ were readily available, as was
source c o d e  t h a t  liad cxcc.utcd  wit]lout  e r r o r  ill
hulldrccls  of llc)urs c)f use. ‘J’llis J)rojcc.t  cxl,lorcd the usc
of forlnal  sl)ccific.atiolls  to derive rcquiremc~lt,s  that arc
nlorc detailed aud IJrccisc tl)an all II;llglisl] paragral)h
al[d less obscure than tightly ol)tilnizcd  source code.

A 10W-1CVC1 formal sl)ccific.atiorl  was CICVCIOIICCI  fro]])
t}lc cxistiTlg  source code, the Crew ‘J}ailli]lg hfauual
[37], allcl tllc l o w  lCVC1 ‘(wiring diagralns”  o f  d a t a
f l o w  and forlllu]a  tal)les.  ‘J’llis sr)ccific.ation ~nirrorccl
tllc futlc.tio~lality of tllc cxistillg  systc]n,  but did ]Iot
ofl’cr all abstract view of tllc module’s  functional
rcxlllirclncllts.

A  l l i g} l - l eve l  b]ac.k-t)ox  sl)ccificatiol] was tlicll
dcvcJoIwd corrcs~)o)ldillg  to tllc l eve l  ze ro  1  )Fl)
(] ’igurc 4). ‘1’llis f o r m a l  sr~ccificatio~l  clid lIot
i)]cludc illll)lcll~clltatioll  details. At this lCVCI it was
s[raig,lltforward  to state abstract l)ro}mtics  that ally
software illlj]]clllc~ltillg  Phase-Plane lnust  ]Iavc.

l’illally,  a lnid-lcvc] forlna]  specification was
outlillcd  to ca~>turc critical aspects of ful]ctioniility
and rcquirclncnlts  at a Icvcl u s e f u l  to s h u t t l e
“}ccluirclnellts analysts” WIICII rcvicwillg  ])rol)oscd
]I)odifications  to tllc ]nodulc.  I)UC to ti]llc  co]istrai]lts,
this lCVC1  is still ulidcr  dcvclo~)lncllt.
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‘J’llc cllallcvlge at tile ]Iiicl-level is to omit cxtralicous
i][]l)lcll~cl)tatioll d e t a i l s ,  y e t  bc ~Jrccisc cv]ougl) to
c.al)turc ncccssary I~rol~cr~ics collccrllillg Ininilllizatic)li
of fuel usage, thruster firi~lgs, a~ld ]novc]l)cmt  al)out
tllc desired attitude. IIlcludcd ill this c.llallcnlgc is tllc
lil}kagc  of tlIc tllrcc  specification levels by l)roofs that
trace  abstract, critical l>rol>crtics  frolll lIIC top]cvcl
sl)ccificatioll  tllrougll  tllc ]nid-level, atld to tllc low
“codc-lcxcl”  sl)ccificatioll.

It Rllould l)c nc)tcd that since tlic PVS cnvironlncvlt is
illtcrac.tivc,  it is l)ossiblc for a user to Inakc a ‘(clail)l”
and attclll])t a l)roof of the clailn ilnmcdiatcly.  “Jllis
feature can lw l)articu]arly  useful WIIC]) attcln~)ti]lg  to
dcducc rccluirc~ncnts  froln a c.odc-level sl)ccitlcatiol].
‘J’llis  tactic cm also bc USCC1 to ‘(test” a sljcc.ific.atic)ll
iiltcrac.tivcly.  A current NASA 1{’1’01’  has doculncrlted
otlicr  aclvalltagcs of forlllal  lnctl)ods  ill gcllcra]  a~]d PVS
ill })articu]ar [34].

3.3 Construction of OMrl’  l)iagrams
‘J’llis  s e c t i o n  dcscril)cs tllc OMrl’  diagra~ns t h a t

llavc bee]) gcllcratcd  t,llus f a r  f o r  tlic Phase.Plane
IIlodulc. Silicc wc  s t a r t ed  the rcvcrsc cllgillccrillg
I)roc.css with the source code and ill)l~lclllc~ltatic)~l
sl)cc.ific wiri]lg dia.g;raln of the Phase. Plane lnodu]c,
wc created two lCVCIS  of data flow diagralns  dcl)ic.tillg
tllc f l o w  o f  i n f o r m a t i o n  itlto, froln,  and within
tl]c PhaseYlane. ‘J’hcse diagralns  a s s i s t ed  ill tllc
al)stractio~l J)roc.css to ol)taill a n  arcllitcclural  vim’
of the l)llasc l)lanc as it related to tllc overall l) AI’
systc]n,  thus lcadillg  to tllc constructio]l  of tllc object
IIlodcls. ‘1’hc ol)jcct  and tllc f u n c t i o n a l  rnoclc]s
ofl’crcd O]IC  lCVC1  of abstraction, tl)us leading to tllc
dcvclol]ljlcnt  of the llcxt layer of for]na]  sl)ccific.atiolls
(]nid-lcvc]  sJ)ccificatio~ls dcscrit)in data strut.turc a]ld

fol)cratiolls  011 tllc data  s t ructures  11’illally, using tllc
fu)lc.tiollal and objcc.t diagra~ns i]) colljullciio]l  wit]l
tllc dcscril)tioll  of f,hc dcadl)alldillg  states, wc c.rcatcd
t}lc dyllalllic. lnodcl  for tllc Phase.  Plane~nodulc.  ‘J’tlc
dyllalllic  ]J)odcl dcl)icts  tllc states I)ctwccll jet firings as
tllc orbiter clcaclt)ands. A lli~}l lCVC1  of sl)ccific.atic)]ls
was  gcllcraicd  based on tllc dyllalnic  ]nodel.

‘J’IIc rcrnailldct  of this scctioll dcsc.ril)cs  tllc ohl’J”
diagralns  collstruc.tcd during  tllc rcvcrsc cllgillccrillp;
al!d forlna] s~)cc.ificatioll  collstructio~l ljroccss.

3.3.1 l}lllctiollal Models

IJata flow diagralns  (1)14’1))  facilitate a hig;ll level
~)llclcrstallclillg, of systc]m, both  irl tcrllls  c,f forward
and rcvcrsc cllgincrin,g.  Static analysis of l,rogral[l
cc~dc IIrc)vidcs  inforll)atioll  that ac.curatc]y Clcscril)cs
flow of data ill a systclil.  11) general, J)roccss Lul)blcs
dcj]otc ])rocedurcs o r  fu~lctions  o f  a  givc~l systc]ll.
A r r o w s  rcr)rcscrlt  data flcnving froll) O]IC  l,roccss to
allotllcr.

‘1’l)c. silnI)lcst fullctiona]  model (1)1’1))  is a confcoi
rfiagm?~l or I,CVC1 O diap;raln  and is shown ill l’igurc 4,
wllcrc tllc clltirc  pllasc l)lallc ]IIodulc  is rcduccd to a
l,roccss bubble, wit]]  t,llc external inI)ut allcl outI)ut
lal)clcd. ‘l’l[is cliagraln l)rovidcs tllc colltcxtj f o r  tllc
]]roccss ill clucstioll.  Note that tllc I,CVC1 O 1)1’1) closely
rcsc~lll)lcs  tllc structure of tllc “wiring” diagrall]  for

Phase.Pl ane given in Figure 3.
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]’igurc 4: IIigll l,CVC1 (0) 1)11’1)  f o r  Phase .  P l ane
h!c)dule

‘1’lIc c.llild diagrarll  for k’igurc 4 gives tllc llcxt ICVCI
1)1’1),  which shows the difl’crcnt l)roccsscs  lnakirlg up
tllc Phase llane :nodulc  and is SIIOWII ill }igurc  h. in
this figur-c,  tllc input variables arc used to calculate
l)oulldarics  for tllc l~hasc pla]lc. ‘1’lIc  Loulldarics  a n d
t.llc attitude and rate li]nits  arc sup])licd  to tllc l,roccss
that calculates t,llc thrust coln~nallds (jet firings).
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c 5: IJcvc] 1 1)1’1) for Phase .Plane hlodulc

Olljm.t MCM3C1S..<.3.2

Stuclvillg tllc ‘(a.s-l)uilt”  layer of sl)ccificatiolls,  the. .
diflcrcllt  1)1’’1)s,  allcl tllc rc;luirc]nc;lts  doculncnt  f o r
Phase-F’lane led to the dcvclop~nc~lt, of al] ohjcct
IIlodcl for the Phase_Plane. As Incllt,iollcd l)rcviously,
au ot)jcc.t is a self-contai]lcd IIlodule that illcludcs l)oth
tllc data and procedures tl]at act o]] that data. All
ol)jcct can be c.ollsidcrcd to })c a~l at)st, ract  clata tyl)c
(AIYJ’).  A class is a collcctio~l of ol)jccts  Lllat IIavc
CO1II1I1O1I USC [44].

‘J’]Ic  oi)jcct  diagraln  for t]lc Phase. Plane is s]lown
irl l’igurc  6 . ‘J’llis  diagrarll  is  a  class clltity  with
a t t r i b u t e s  rate  Crror, attitude c7ror, allcl 7oiatiort
02is.  ‘J’lIc  c)pcration for this class is ca/cu/afc thwsi
co7ntnands  based 011 the rate and attituclc  e r r o r s .
Also illcludcd  ill tllc ol)jcc.t diagraln  arc Phase Plane
class illstallccs  (toulldcd  rectangles) for cacll of tllc
rotatimlal axes (roll, }~itcll, allcl yaw). l;acll oftllc class
illstallccs  wil l  calculate clifl’crcnt thrust coIllll~allds
for  cac.11 of tllc sI)ccific rotat ional  axes. Notic.c
tll~t  tllcrc  arc two subclasses for the Phase Plane
class, Coast Region mld Ilysteresis Region. 111 tllc
coast  rcgio]i,  the values of tllc attitude al]d rate



errors arc witllil) acccl)tal~lc  l)oullds, thus there is
]ICI liccd to c.alculatc  ncw t h r u s t  com~llallds.  ln tllc
llyslcmsis  rcgio]l, ]Iowcvcr,  tlic Wale.ulatc IICW thrust
c.olnlnands)’ ol)cration  is  inheri ted frolll tllc Phase
Plane class.
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I’igurc6: Ol)jmt hiodcl  for l’llrwc ]’lane hjc)dulc

Next, wc }Jcrformcd  lnorc al)strac.tioll stcIM in order
to ol)taill  a IIigl]-level object ll)odcl for tllc I)Al’,
consisting  of tllc S’taic IAiimator, ]’hasc l ’ lane . ,  slid
tlIc Jci ,$clcci  M o d u l e ,  corresI)ollding to tllc diagralil
givcl, i], l’igurc  1. Figure 7 gives the object lnodcl
f o r  tllc I)Al’, wllcre e a c h  class consists  o f  tllrcc
l)arts  corrcsl)olldi)l

7“
to tllc IIalnc of the class, list

o f  attributm, al)d Ist o f  o~)crations. ‘1’hc dialllolid
syllll)ol clcnotlcs aggrcgat, ion, wllcrc LIIc class ahovc t,lIc
dialnond  is said to consist of tllc three cla.sscs IW1OW
tllc dialool]d.  If citllcr  a t t r ibutes  or  o~,cratiolls are
]Iot  kllow)l (or do~lot  exist) for a givcll class, t}lc)l the
corrcsImIldillg  area is shaded.

3 . 3 . 3  l)yl]alnic. M o d e l s

‘1’}lis  scctio]l gives the clyllamic lnodc]s for t}Ic l)llasc
l,]alIc,  W]lic.]1 dcsci-ibcs t h e  s t a t e s  in wllic]l  tile l)A1’
call I)C wit]] rcsl~cct to  the Pllase.Plane coml)onclit.
Also, irlc.ludccl arc tl]c transitiollst}lat takctllc I) AI’
frorll onc state to allotllcr. A  jjictorial  diagra~n  of
tllc c]lvelol)c  dcj)icting  tllc ~jositioll o f  tllc Orl)itcr
i s  givml  ill l“igur-c 8. ‘1’llc “()” l)lots tllc currcrlt
vcllic.lc att.itudc  and rate  errors  wit}] rcsl)cct to tllc
])llase I)lal)c. A s  lo])g  as tllc current  ~)ositioll  is
w i t h i n  tl]c ]ilnits  i m p o s e d  hy tllc dcadhands  (tllc
IIcavy lillcs),  tllc dcadband  co~lstraillts arc satisfied
and 1)0 jets will bc colnlnandcd  to fire. OIICC tllc
Orbiter cxc.ccds  the l)oullds of tllc ‘[box”, jets will
bc collllnalldcd  t o  f i r e  ill all cfi’ort t o  callccl tllc
errors, tllcrcl)y rcducil)g  t}]c errors and acliicvillg tile
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Figure 7: }Ii.gll I,CVC1 Object  diagralll  for I) Al’
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l’igurc8:  Gral~llical  dcl)ictioIl oftllcjlllasc l)lalle, ~vitll
dctidballding  cyc.lcs [37]

rcqucstcd  lllallc~lvcr orl]lailltai~li  llgtllc attitude hold,
wllic.l)cvcr  w a s  rcqucstcd  t)y tllc c.rcw. OIIC.C!  tllc
orl)itcr returns  to t}le deadl)a]lcl area, tllc jets will
sto]) firill F;.

l’igurc 9 gives all cxl)lanatioll  of tllc different states
ill wl)icll  tllc Orbi ter  call bc while it is dcadhanding
[37] .  Figure  IOgivcsastatcchart  dc~~ictio,, oftlic
states tlirougll  whic]l  tllc Orl)itcr  transitions w]lilcit is
dcadl)andi]lg.  ‘1’lic state tra~lsitio~ls arc ill t}lc fc)r~n  of
jets (terll)irlatclbcgill)  firing a[ld tl)e Orl)itcr  drifting
(i]liout) of tile dcadt)a~ld rcgio~,.

Note that l’igurc 8 dc~)icts  tile cloc.kwisc  traversal
of tl)c states ill which the Orbit,cr cycles tllrougll  tllc
dcadl)and  lilllits.  It is also l)ossiblc for tllc Orl)itcr
to traverse t}lc cycle ill a c.oulltcrc.lock  wise fasllio~l,ill
wllicl[  CMC, tllc arrows ill l’igurc  10 would l)c rcvcrscd.

l’illall,y,  a very lliglklcvcl  vim of tllc states in wllicll
tl,c Orb)tcr  call bc i s  givel] ill ligurc  I I.  l~lcludcd
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Ncr jds fire. Silicc tlIc rate error i s
~Jositive,  tl]c attitude error will grow ill
a ljositivc  clirmtioll.

Jets fire to nullify L](C ~)ositivc  rotational
rate.

Jets  stcrll firing wl)cn  tllc clcadl)ancl lillc
is crossed, but a little llegativc  rate
mm-s  is irlcvitablc.
No jets  Jlrc. With a negative rate
error, the attituclc error will also drift
IIcgativcly.

Jets fire to nullify llcgativc  rate error.
Jets  sto}) firing, but residual  I,ositive
rate error causes at(ituclc  error to go
l,ositivc  again  and LIIC cycle rq,cats.

9: Y;xl)laliation  of dcadl)andillg  states [37]
.—

ill tl]c diagraln  arc the actions or conditions that
cause tllc Orl)itcr  to tralmitiori  frc)lll OIIC s t a t e  to tJIc
Ilcxt. ‘J’llc rccta]lglc  c.olltainil!g “1’lIMc l’lallc” and tllc
labeled arrows pointing  to tllc states i[lclic.atc tl]at  tllc
st, atc tral]sitions  clcscril)c t}]c Phase .Plane ~oodule.

4  IJc’ssons IJeal’llccl
‘J’l)c  r e su l t s  fronl this rcwcrsc  cvlgil)ccring ~)rc)jcc.t

IIavc ])rc~vidcd several lcsscnls  for tllc overall J)rc>jcct
a s  WC]]  as  for  future  rcvcrsc cvlgirlccrillg l)rojcc.ts.
l“irst, ill orclcr t o  ol,taill  higll-levc]  rccluirc.rncr]l,s
fc>r existil!g  sof~warc, it i s  not fcasih]c t o  ol)taili
tile slwcificatiolls  (forlllal  o r  illforlnal)  in OIIC stcl).
II,stcad, s eve ra l  l aye r s  o f  s})cciflcatiolls  IIlust bc
dcwclol)ccl,  starting with tllc ‘(as-built” s})ccificatioll.
‘1’llc “as- I)uilt” s]mcificatioa Closc!ly ~]lirrors  tllc
IIrc)grzil))l]lirlg  strut.turc of tl]c misting software ill
orclcr  to l)rovidc trac.cat~ility  tllrougl) tllc diffcmlt
ICVCIS  c)f sl)ccificatiolls. After crcatillg  tllc levels
of s~mcific.atiolls, tllcorc]ns  need to bc constructed
to dmoorlstratc  that critical l)ro}mrtics  arc J)rescrvccl
frolll o]lc Icwcl of s})ccification  to t}lc IIcxtd

Scc.orld, forlual  sl)ccification  lar)guagcs a n d  tllcir
corrcs~)c)ncling  reasoning systc]ns  provide a loccliallism
for Lri)lgillg togct}lcr disparate sources of project
iafc~rl[latioll into  onc i]ltcgratcd  f r a m e w o r k . lrl
l)artic,ular,  the ~)rojec.t  informatio]l  lnay be ill a variety
c)f forlllats,  frcrrn diflcrcnt  sourc.cs,  a]ld sul)jcctcd to
var~illg  lc.vcls of forlna] review. I’Tor i,llis }~articular
l)roJcct, illforll)atioll  WM c)btairlcd frorl)  tlic l’uaciiona~
,$rc~sysicm ,Sojlwcrr-c  ltegrcirctncnis  (1’%S1{)  clocur[lcvltl
p(3 6  a l s o  krlowll M l,CVC1  C rcquimncnlts,  colwistillg
argc y of “wiring diagrarlls”),  Grcidaacc  and  Control

S’vsicms  7hrininu  Munrral 1371.  source code, illforlnal. .,
d&igll IIot,cs 1381.  and discu~sio~ls  with sllutt,lc software
lwrsc)lll]cl.
cc)rlstructcd
to clcscril)c

‘Ac~ordirlgly, forlllal  sI)ccific.atiolls w e r e
hascd on all of tllc inforvoatiorl  irl order
tllc l)l[asc I)lallc ol)cratioll.  ‘1’ltc 1’VS

l~igurc 1 0 : S ta t e s  reprcsenti~ig tllc c l o c k w i s e
clcacll)alldirlg of tllc Ort)itcr

1,, lots

L _ . – - - - ’

l“i~(lrc  11: }Iigll-lcwcl states for Orl)itcr  with rcs}>cct
tc~ t}lc Phase. Plane IIIodulc

l)roc)f systcln  l)rovidccl  a lncc.}lanisln fc)r c.llcckillg  tllc
col[ll)lctcllcss a]ld c,orlsistcrlc.y o f  t}lc slJccificat,icnls,
wllilc also sul)~)ortillg tile l)roof c.o]lstruction of the
relevant tllcorcrtls.

‘J’llird,  tllc tm)cfits  of ol~jcct-oriented aualysis  arlcl
clesigil call lm cxJ)loited  f o r  rcvcrsc-cllgi~iccri~lg  a s
WCII  as forward cllgillccri~lg ljrojccts. SI)ccifically,
o})jcct-oriclitcci  allalysis  a n d  dcsigll a s s i s t s  i n  tllc
ulldcrstallding  and tlLc si~o~~lificatiol] of tllc colll~)lcxity
o f  a  l a r g e  systmn.  l“urthcr~norc, llavillg  at) olJjcct-
oricrltecl lmspcctive facilitates future IIloclificatiolls by
l)roviclillg the dcvclo})er  wit]l a lligll-lcwcl, a b s t r a c t
view o f  Systcln col[lI)oncnts, thus avoiding tllc
difiicu]tics  assoc. iatcd  with attelllj)tillg to undcrstarlcl
all of tl)e details of a large, co~ll~)lex systc~[l  at O] IC.C.

l;illall~,  arl i t e r a t i v e  l)roccss consistill.g  o f  t}lc
corwtrucholl c)f a  l e v e l  o f  forlual  sl)ccificatiolls,
followed by a set of c.cmrcxl)olldiIlg cliagrar[ls  is ]Iccclccl
tcj develop several  layers of sl)ccificatiolls  for all
existing syskIII. ‘1’lIc  cliagralos  irltrocluc.c  al.retractions
that earl bc used t o  g u i d e  t h e  colIstructioll  o f
tile IIcxt lCVCI o f  s~)ccificatiolls. l“urthcrloorc,  the
cc,tlll)lclllc~itary diagra~l)s  availat)lc  irt the Oht’J’

7



al)l)roac.11  cllablc  the spccificr to c o n s i d e r  diffmmt
Imrs]mctivcs  of tl)c systmn wit]) IIotatio)m best suited
for tllc rcsIwc.tivc  l)crsl)cctivc. “1’l)e Inajor  advantage
{O tltis  diagralnlnil)g  a})l,rcjacll i s  that onc notatio]l
does IIot ccmsist o f  many  diffcrmlt syllibols  ill all
attclnpt to capture very diffcrm]t  asIwc.ts of a systclll,
wllic]l would ~nakc it too coml)lcx to usc cflcctivcly.

5 C o n c l u s i o n s  a n d  lllture  lnvcsi,iga-
tions

Using fc,rlllal sl,cc.ifrcatiol,s and objcc.t-oriclltcd
allalvsis  to dcscribc  tlIc soflwarc  that irnplcnnclits the
l’lla~c l’ lane ~nodulc of tllc lJA1’  11ss dmncmstraicd
tl]at this rigorous tcc.llllology c.au bc used for existing,
industrial a])])lic.atio]ls. Collstructi~lg  t}Lc diflcmlt
levels clf spcc.ificationsj with increasing  al)strac.tioll,
sul)l)lcniellted  by the OM’1’  diagra~ns provided a ~ncal[s
for integrating il)for]nation  regarding tllc Phase. Plane
Inodulc  froln disl)aratc  sourc.cs. 11 avillg acc.css to
this  inforlllation  will facilitate tllc verification that
tl[c original  (cr i t ical)  rcquirc]n(!llts or l)rol~crtics
arc ]lot violated by any future  changes to  the
soflwarc.  II] addition to facilitating verification tasks,
tlic forlnal  slmcifications  can be u sed  a s  tllc b a s i s
f o r  an,y auto]  natcd  I)roccssillg  of tllc rcquirc~ncnlts,
illcludlrlg  c l  Iccks  f o r  consistcllc.y  and coll)l)lctcllcss.
IIltcractioll  with tllc rcquircnlmlts  a~lalyst and o the r
lncvnbcrs of tllc original dcvclol)~ncllt  team for tllc
})rojccl s t r o n g l y  suI)ljort  tllc co~lc.fusion  tl]at tllc
sl)cciflcatioll  c.onstructiol] l)roccss,  i~l additio~l t o  tllc
actual s])ccificatiolls  arc useful  to tllc ova-all software
dcwcloI)lncllt  and lnaintellance  ~~rocesscs o f  existing
(safety-critical) systmns.

]“utllrc  illvcstlgatiolls  w i l l  colltinuc  to  rcfillc tllc
lnid-level and liigh-level s))cciflcatio~ls  and dcvclo})
lnorc  tl]corcllls  to r e l a t e  Lllc diffcrcllt  ICVCIS  o f
sl)ccificatic)lls. \Vc a r c  a l s o  illvcstigatillF; tllc
forlnaliz,atioll  o f  tllc Oh4’J’  diagralnming  l]otatio~l,
wliicll wil l  provide a  rncans for usil]g autolnat,cd
tmlllliques  f o r  cxiractillg for~nal  spccificatiol)s  froln
LIIC Ohl’J’  diagra~ns in o r d e r  to f ac i l i t a t e  lIIC
slmcificatioIl })roccss. lf’urtll~cr~]lorc, cxtractillg !llc
slmcificatiolls  directly from the diagralns  will allow
us to  rcasc)ll al)out  tllc coln})lctcllcss  and c.onsistcllcy
o f  tllc diagralnl)lcd  systcm, thus  greatly facilitating
tl]c rcquircnncnts  analysis, design, and ~l]ailitcllancc
l)llascs ofsc)ftwtirc dcvclo~)lncllt.
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